The cowpea aphid (Aphis craccivora Koch) is considered a serious insect pest attacking several crops. We carried out biochemical studies to elucidate the role of the metabolising enzymes in conferring resistance to thiamethoxam, in two strains (resistant and susceptible) of the cowpea aphid. Bioassay experiments showed that the thiamethoxam selected strain developed a 48 fold resistance after consecutive selection with thiamethoxam for 12 generations. This resistant strain also exhibited cross-resistance to the tested carbamates; pirimicarb and carbosulfan, organophosphorus (malathion, fenitrothion, and chlorpyrifos-methyl), and the neonicotinoid (acetamiprid). Synergism studies have indicated that S,S,S-tributyl phosphorotrithioate (DEF), a known inhibitor for esterases, increased thiamethoxam toxicity 5.58 times in the resistant strain compared with the susceptible strain. Moreover, the biochemical determination revealed that carboxylestersae activity was 30 times greater in the resistant strain than in the susceptible strain. In addition, the enzyme activity of glutathione S-transferase (GST) and mixed function oxidases (mfo) increased only in the resistant strain 3.7 and 2.7 times, respectively, in relation to the susceptible (the control). Generally, our results suggest that the higher activity of the detoxifying enzymes, particularly carboxylesterase, in the resistant strain of the cowpea aphid, apparently have a significant role in endowing resistance to thiamethoxam, although additional mechanisms may contribute.
Introduction
Throughout the world, the cowpea aphid (Aphis craccivora Koch) is considered to be a serious insect pest to a variety of crops (Blackman and Eastop 2000; Al-Eryan and El-Tabbakh 2004; Kuo et al. 2006) . Aphids cause significant economic damage either directly; by sucking sap from leaves, pods, and other aerial tissues, or indirectly; through transmission of major viruses like the faba bean necrotic yellows virus (FBNYV), and the bean leaf roll virus (BLRV) (Laamari et al. 2008) .
The control of A. craccivora relies almost exclusively on the use of chemical insecticides. Most insecticide groups used for managing aphids are organophosphates, carbamates, pyrethroids, and neonicotinoids (Shetlar 2001; Tang et al. 2013) . Due to the intensive and repeated use of the same insecticides or insecticides with similar modes of action, resistance developed towards these insecticides.
Almost 20 aphid species have developed at least one known insecticide resistance mechanism (Simon 2008; Van Emden and Harrington 2007) . Thiamethoxam is a second-generation neonicotinoid and it belongs to the thianicotinyl subclass. In Egypt, under the trade name Actara, thiamethoxam provides excellent control of a broad range of economically important insects, such as aphids, whiteflies, thrips, rice hoppers, Colorado potato beetle, flea beetles, wireworms, leaf miners as well as some lepidopterous species. In Egypt, thiamethoxam is the second biggest neonicotinoid, as far as sales are concerned (Mohamed et al. 2015) .
The extensive use of neonicotinoids particularly thiamethoxam in insect control, and the lower availability of aphicides with dissimilar modes of action to rotate with the neonicotinoids, resulted in the development of resistance in aphids (Srigiriraju 2008) . Pan et al. 2015 reported that a thiamethoxam-resistant strain of Aphis gossypii Glover displayed a 19.35 fold greater resistance to thiamethoxam compared to the susceptible strain. Three major groups of detoxifying enzymes have been shown to play a significant role in specific cases of insecticide resistance; cytochrome P450 monooxygenases, esterases, and glutathione transferases (Taniai et al. 2003) . Therefore, the main objective of this study was to clarify the role of the aforementioned insect metabolising enzymes in the resistance to thiamethoxam in the cowpea aphid. In addition, the screening of potential cross-resistance to other insecticides belonging to three chemical classes, was also examined.
Materials and Methods

Chemicals and the tested insecticide
Piperonyl butoxide (PBO), S,S,S-tributyl phosphorotrithioate (DEF), glutathione (GSH), p-nitroanisole (p-NA), 1-chloro-2,4-dinitrobenzene (CDNB), and acetylthiocholine iodide (ATChI), were obtained from Sigma-Aldrich. Roth supplied 5,5-dithio-bis (2-nitrobenzoic acid) (DTNB). Diethyl maleate (DEM) was obtained from AlfaAesar, reduced nicotinamide adenine dinucleotide phosphate (NADPH) from Sorachim, and α-naphthyl acetate (α-NA) was obtained from MPBio. All chemicals were technical grade (99%). The insecticide commercial formulation of thiamethoxam (Actara 25%WG) was obtained from Syngenta (Syngenta Agro Egypt).
Test insect
Two strains of the cowpea aphid were used for this study: one strain is the thiamethoxam laboratory susceptible (S) strain obtained in June 2007, from the Plant Protection Research Institute, Egypt. The other strain is the thiamethoxam resistant (R) strain. This strain was originally collected from faba bean fields in the Sharkia Governorate, Egypt. This strain was continuously selected for 12 generations during which concentrations of thiamethoxam killed 50-60% of the aphids. Both S and R strains were reared on seedling of faba bean plants in the laboratory and kept at 20-23°C, 60% relative humidity (RH), and 16 : 8 (L : D) h photoperiod.
Aphid bioassay and cross-resistance studies
To evaluate the activity of thiamethoxam on the cowpea aphid, the leaf dipping method described by Moores et al. (1996) was used. The series of thiamethoxam concentrations were freshly prepared. Then, fresh faba bean leaves were dipped into thiamethoxam aqueous solutions for 10 s, air-dried, and placed upside down on an agar bed in labeled Petri dishes (60 mm in diameter). Ten A. craccivora apterous adults were placed on the surface of a treated leaf. Leaves dipped in water only, served as the controls. Five replicate patches of aphids were used. The mortality was assessed after 24 h and the mortality was corrected with the use of Abbott's formula (Abbott 1925 ) Probit analysis using Ldp-line software was used to calculate LC 50 values. The resistance ratio (RR) was calculated at the LC 50 level as: RR = LC 50 of R strain/LC 50 of S strain. The cross-resistance of the thiamethoxam resistant strain was examined against six other different insecticides belonging to three chemical groups including, carbamates, organophosphates, and neonicotinoids, as shown in table 1.
Synergism studies
To investigate the potential involvement of detoxifying enzymes endowing aphids a resistance to thiamethoxam, the following synergists were used: DEF as the esterase inhibitor, DEM as the GST inhibitor, and PBO as the cytochrome P450 oxidases inhibitor. The maximum dose of synergist (10 mg • l -1 ) that showed zero mortality in the susceptible strain was used in this study. Combined mixtures of each synergist with thiamethoxam were added to make the solution. Faba bean leaves were dipped into this solution for 10 s, and then 10 A. craccivora apterous adults were placed on the leaf treated with synergist + thiamethoxam mixture, and kept in the rearing chamber until mortality was recorded, as mentioned in the bioassay experiment.
Statistical analysis
Data were statistically analysed with the Student's t-test using SPSS software to determine the difference between the mean values of the resistant strain and the control (laboratory) susceptible strain. The values were expressed as the mean + the standard error.
Biochemical assay
Mixed function oxidases activity
Mixed function oxidases (mfo) activity was analysed according to Hansen and Hodgson (1971) . Ten adult aphids from each strain were homogenised in 500 μl of ice-cold 0.1 M phosphate buffer (pH 7.8). Homogenates were centrifuged at 15,000 g for 15 min at 4°C and the supernatants were transferred to new tubes. An addition of 100 μl of 2 mM p-nitroanisole solution and 90 μl enzyme stock solutions were put in each well of a microplate and mixed. After incubation for 2 min at 27°C, the reaction was initiated by the addition of 10 μl of 9.6 mM NADPH. The optical density at 405 nm was immediately recorded at intervals of 25 s for 10 min using the molecular device: V max kinetic microplate reader. 
Total esterase activity
Esterase activity was assayed with α-NA as the substrate, according to Van Asperen (1962) with the modification of Cao et al. (2008) . Fifty adults from each strain were homogenised in 500 μl of ice-cold phosphate buffer (0.1 M, pH 7.0). The homogenates were centrifuged at 12,000 g for 15 min at 4°C and the supernatants were transferred to new tubes. Fifty μl of enzyme solution was incubated with 50 μl α-NA (30 mM) for 15 min at 30°C. The reaction was stopped by adding 50 μl of stop solution (two parts of 1% Fast Blue RR and five parts of 5% sodium dodecyl sulfate). The absorbance was measured at 600 nm for the hydrolysis of α-NA at UV/Vis spectrophotometer (V-530).
The mean levels of total esterase activity cited, were based on protein content and α-naphthol standard curves.
Glutathione S-transferase activity (GST)
GST activity was assayed as described by Habing et al. (1974) . Ten adults from each strain were homogenised in 200 μl of ice-cold phosphate buffer (0.1 M, pH 6.5). The homogenates were centrifuged at 12,000 g for 15 min at 4°C and the supernatants were transferred to new tubes. The reaction solution contained 100 μl of supernatant, 10 μl of CDNB (30 mM), and 10 μl of GSH (50 mM). Enzyme activity was determined by using a UV/Vis spectrophotometer (V-530) to continuously monitor the change in absorbance at 430 nm for three min at 25°C.
Acetylcholinesterase (AChE) activity
AChE activity was measured according to Ellman et al. (1961) with some modifications that allowed the use of a kinetic assay with a molecular devices: the V max kinetic microplate reader. Twenty-five adult aphids from the S and R strains were homogenised in 200 μl of ice-cold 0.1 M phosphate buffer (pH 7.5) containing 0.1% (V/V) Triton X-100. Homogenates were centrifuged at 13,000 g for 15 min at 4°C and the supernatants were transferred to new tubes. Twenty five μl of the supernatant was placed in a microplate well, 2 μl of 0.075 M ATChI, 8 μl of 0.01 M DTNB and potassium phosphate buffer (0.1 M, pH 7.5) up to 200 μl. The reaction was started by the addition of the substrate (ATChI) and the reagent (DTNB), the change in absorbance at 405 nm was recorded for 20 min. Protein content was determined by the method of Bradford (1976), using bovine serum albumin as the standard.
Results
The results presented in table 2 showed the changes in A. craccivora adults' response to the continuous selection with thiamethoxam for 12 generations. Toxicity regression lines were established and the LC 50 and slope values for the resistant strain in each generation were determined. A little increase of the RR was observed. The resistance ratio was elevated slightly from 1.79 fold in the parent strain to 5.32 fold after selection for four generations. Thiamethoxam resistance rapidly increased after the 8th generation from 15.32 fold to 38.34 fold. The resistance ratio gradually increased to reach 48 fold after 12 generations. The slope of the regression line in the laboratory strain was 1.46.
The cross-resistance of the thiamethoxam resistant strain of A. craccivora against six various insecticides belong to three different groups, is summarised in table 3. This resistant strain exhibited cross resistance to the tested carbamate; pirimicarb and carbosulfan as the resistance rations were 11.2 and 11 fold, respectively. While the strain showed high resistance (8.72 fold) to organophosphate; malathion and lower resistance to fenitrothion and chlorpyrifos-methyl (5 and 4 fold, respectively). With regard to the neonicotinoid insecticide acetamiprid, the resistance level obtained was 8.5 fold.
Synergism study
The synergists PBO, DEM and DEF are normally considered as known inhibitors of mfo, GST and esterases, respectively. Data in table 4 pointed out that DEF, PBO and DEM effectively increased thiamethoxam toxicity in the resistant strain as the ratios of the synergism were 5.58, 2.09 and 2.18 as a result of inhibition of esterases, mfo and GST, respectively. 
Activity of detoxifying enzymes
This experiment pointed out the potential role of thiamethoxam metabolism in conferring resistance in the R strain. Data set up in table 5 indicated that the activity of all determined detoxifying enzymes; carboxylesterase (CarE), GST and mfo was significantly higher in the R than that in the S strain. The activity of CarE was much greater in the R strain related to the S strain as the activity ratio was 29 fold. However, the activity of GST increased to some extent to 3.7 fold and the lowest determined activity was observed for the detoxifying enzyme mfo.
AChE activity
The activity of AChE in both strains of A. craccivora is shown in table 6. The resistant strain exhibited significantly higher AChE activity (3.68 fold) compared to the susceptible strain (p < 0.05).
Discussion
The results of the resistance to thiamethoxam in A. craccivora revealed that the susceptible strain was highly sensitive to thiamethoxam compared with the resistant se- Enzyme activity is expressed as the mean±SE.
The means followed by * in the same line are significantly different; ** significantly different at p = 0.01 Specific activity of three replicates (expressed as the means±SE) followed by ** are significantly different at p = 0.01 Table 6 . Activity of acetylocholinesterase (AChE) Specific activity of three replicates (expressed as means±SE) followed by * are very significantly different at p = 0.01 lected strain. It is interesting to observe that selection for 12 continuous generations elevated the resistance level to almost 48 fold. This might be because the factors (gene/s) of the resistance could have existed in the field strain of A. craccivora before selection. Pan et al. (2015) reported that thiamethoxam-resistant strain of the cowpea aphid exhibited 19.35 fold greater resistance to thiamethoxam than that in the susceptible strain.
Cross-resistance results indicated thiamethoxam resistance in the cowpea aphid. Six other insecticides dissimilar to thiamethoxam's mode of action also indicated resistance in the cowpea aphid. These insecticides were: organophosphates (malathion, chlorpyrifos methyl, and fenitrothion) and carbamates (primicarb, and carbosulfan). Cross-resistance was also observed to the neonicotinoid insecticide (acetamiprid) that shares the same target site. A colony of Bemisia tabaci resistant to acetamiprid also showed a high cross-resistance to thiamethoxam (Horowitz et al. 2004) , and these findings were similar to those in our study. In addition, Koo et al. (2014) stated that the imidacloprid (neonicotinoid) resistant strain of A. gossypii showed a cross resistance to acetamiprid and thiacloprid.
In contrast to the present data, the thiamethoxam resistant strain (100 fold) of B. tabaci showed no cross-resistance to acetamiprid and imidacloprid, while another colony which had a 500 fold resistance to thiamethoxam showed a slight cross-resistance to the other neonicotinoids (4 fold) (Ishaaya et al. 2005) .
The results of the biochemical assay showed that the thiamethoxam resistant strain of A. craccivora is likely have high significant carboxylesterase activity as a remarkable synergism to thiamethoxam was obtained when DEF was added (toxicity increased 5.5 times). These data were confirmed by the determination of the activity of carboxylesterase that was 30 times more active in the R than that in the S strain. Kandil et al. (2008) suggested that esterases may have a role in the detoxification mechanism observed in the thiamethoxam B. tabaci resistant strain using the known thiamethoxam synergist; DEF. Moreover, the toxicity of organophosphate insecticides toward the tobacco aphid resistant strains was increased using the esterase inhibitor; DEF. This increase suggests that the mechanism of resistance was due to increased ester hydrolysis caused by higher levels of carboxylesterase (Harlow and Lampert 1990) . Pan et al. (2015) concluded that expression levels of esterase were upregulated significantly in the resistant strain compared to the susceptible strain of the cotton aphid. In the United States, resistant populations of the tobacco aphid had approximately 2.5 times greater carboxylesterase activity than the susceptible strain (Harlow and Lampert 1990) . One of the resistance mechanisms described in green peach aphid was the enhanced production of carboxylesterases that confer broad spectrum resistance to members of the organophosphates, mono-methyl carbamates and, to a much lesser extent, to the pyrethroids (Foster et al. 2003) . On the other hand, GST and mfo apparently had little role in conferring resistance in the selected thiamethoxam resistant strain (Table 4) . This result agrees with that of Koo et al. (2014) who noted that no effect of mfo in the imidacloprid resistant strains of A. gossypii was found when using either synergists or a determination of the enzyme activity. Although GSTs play an important role in resistance occurrence against several classes of insecticides including organophosphates (Syvanen et al. 1996; Wei et al. 2001; Abel et al. 2004) , no significant differences in GST activities were found in the imidacloprid resistant strain of A. gossypii compared to the sensitive one as reported by Koo et al. (2014) .
In this study we determined AChE for the purpose of examining the response of this enzyme in the R strain although there is no correlation between AChE and neonicotinoid toxicity. However, interestingly the AChE activity in the R strain increased significantly as compared to the S strain. This finding agrees with Samson-Robert et al. (2014) who stated that with the rare exception of one pyrethroid (deltamethrin), the neonicotinoid compounds are the only agrochemicals that cause an increase in AChE activity. In addition, increased AChE activity has also been reported in response to exposure to neonicotinoids, in both honey bees and other arthropods (Morakchi et al. 2005; Boily et al. 2013) .
In general, from the present work it can be concluded, that the developed resistance to thiamethoxam in the resistant strain of A. craccivora could be due to enhanced activity of the detoxifying enzymes namely the carboxyesterases. In addition to the improved activity of CarE, the increased AChE activity in the R strain might also elucidate the observed cross resistance against tested carbamate and organophosphate insecticides.
Our study suggests that to attain effective and sustainable aphid management, it is prudent to use all the available effective aphicide groups. Approaches based on the rotation of new mode of action groups have the potential to lessen the intensity of selection for new resistance mechanisms. Also, different control strategies can be integrated into practical aphid management programs. It is recommended, that resistance management guidelines should be adopted and monitoring implemented so as detect any possible alteration in aphid susceptibility that may lead to the occurrence of new resistance cases.
